Gas bubbles generated by electrolysis reactions are shown to exhibit anomalous induced ac dipoles and dielectrophoretic behavior that cannot be described by classical Maxwell-Wagner theory. Normal charging and screening of conducting ionized gas in the gas-phase double layer are shown to render the bubble insulating at low ac field frequencies to affect negative dielectrophoresis. This screening effect couples with dielectric polarization at high frequencies to produce no crossover frequency for small bubbles and two crossover frequencies for bubbles larger than a critical size of 40 m. A double-layer theory accurately captures the two crossover frequencies and critical bubble size behavior. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3002283͔ Electric-field-induced interfacial polarization and particle dipoles play essential roles in determining interparticle or molecular forces during colloid self-assembly and characterization of particle suspensions.
Electric-field-induced interfacial polarization and particle dipoles play essential roles in determining interparticle or molecular forces during colloid self-assembly and characterization of particle suspensions. 1 The classical MaxwellWagner ͑MW͒ theory for an induced dipole is based on dielectric and conductive polarization, but it has been found to be inadequate to describe dielectrophoresis ͑DEP͒ in electrolytes. [2] [3] [4] Considerable evidence suggests that ionic flux in the double layer, which is omitted in the MW theory, is responsible for such discrepancies. In fact, recent theoretical and molecular dynamics simulation efforts have been expended to extend the MW theory to account for induced double-layer polarization. [5] [6] [7] [8] [9] [10] Stern-layer conductance and adsorption are also known to play a role at low buffer ionic strength as they render the particles conductive. 5, 6 At high buffer ionic strengths, tangential ionic flux is expected to be the dominant polarization mechanism, as the normal surface field becomes negligible. 6, 9, 10 In this letter, we focus on another induced-polarization phenomenon involving doublelayer ion fluxes, perhaps the most dramatic one, which cannot be explained by classical MW theory: that dipole reversal can occur at two distinct crossover frequencies for a faradaically generated ionized gas microbubble with measured conductivity greater and permittivity values less than the surrounding medium. These induced bubble dipoles are size dependent such that bubbles below a critical diameter exhibit only negative DEP ͑n-DEP͒ toward a low-field region for all field frequencies; bubbles above have two crossover frequencies ͑ co ͒. This is not the case for non-ionized gas bubbles.
11
Such bubbles are generated at a high voltage serpentine wire in contact with an electrolyte solution, as shown in Fig. 1͑a͒ . After generation, the small bubbles are immediately attracted to the gap between the serpentine wires, where the field is lowest. The bigger bubbles ͑ജ40 m͒, either generated by the reaction or from coalescence of smaller bubbles within the gap, are seen to migrate toward the high-field wire surface ͓Fig. 1͑b͔͒. As seen in Fig. 2 for a single 40 m bubble at 10 V rms , the ionized bubble initially attracted to the field minimum in the wire gap at 10 kHz moves toward the field maximum when the first crossover frequency is reached at 353 kHz. The bubble remains in a fixed position on the wire until the second crossover is reached at 1.78 MHz, and the bubble begins to migrate back toward the field minimum in the wire gap.
The wire in both figures serves as both a high voltage ͑3 kV rms ͒ ionizing gas producing electrochemical cell and a low voltage ͑10 V rms ͒ DEP crossover frequency measurement device. Planar serpentine wires were prepared on dielectric coated silicon substrate using conventional contact lithography techniques. 12 A high permittivity ͑ m = 400, m = 110 S / cm͒ 4M solution of 6-aminohexanoic acid was prepared and characterized in a standard homemade capacitance cell with an electrode area of ϳ40 cm 2 and separation distance of 100 m connected to an LC meter ͑Agilent 2720͒ ͑Supplementary Material͒. 13 The solution was injected into the microchannel and placed in contact with the wire device. As described in previous work, 12 wire geometries in contact with zwitterion solutions are capable of sustaining extremely high voltages with minimal electrochemical reactions. A high voltage high frequency ͑3 kV rms , 1 MHz͒ potential was dropped across the wire for a controlled amount of time ͑15-30 s͒ to generate a small suspension of ionized electrochemical gas bubbles. At this point some bubbles were observed to coalesce to a critical size and then migrate to the closest wire edges, while others remained less than 40 m and were trapped in the wire gap. The voltage and the frequency were then reduced to 10 V rms and 10 kHz, respeca͒ Electronic mail: hchang@nd.edu. tively, for DEP crossover frequency characterization within 30 s after generation. Upon removal of the high voltage source, rapid charge transfer from the bubble to the surrounding media was not observed. In all cases bubble crossover frequency measurements remained constant and repeatable for well over 20 min after bubble generation. It should be noted, however, that discharge was observed after approximately 45 min, as generated bubbles displayed no crossover frequency behavior, and n-DEP for all ac frequencies.
As shown in Ref. 12 , the field characteristics of the serpentine wire are very different from those of conventional electrodes, as they have one large external field driven by the first and last wires and many small local fields produced by each neighboring wire pair. Therefore, it should be noted that while the generated bubble diameter in Fig. 2 is of the order of the individual wire separation length, the first and last wires which define the external polarizing field are separated by a much larger distance and sustain a field that varies weakly across one bubble. This allows the usual weak gradient approximation to be made, which leads to the DEP mobility.
14 However, the existence of multiple crossover frequencies is obviously in contradiction with the classical MW theory which would predict no crossover for a less conducting bubble and one crossover for a more conducting one than the medium.
Due to the ionized state of the gas bubble, charged gas ions are free to migrate under the application of an ac electric field to form a thin charged region on the gas side interior of the bubble interface, known as the electric double layer. The time required to charge is finite and assuming a gas side double layer exists with a charging time much less than the liquid medium, n-DEP of a conductive bubble can potentially occur if one operates at a frequency that is much lower than the gas inverse charge relaxation time ͑ g a / D͒ ϳ 350 kHz due to the insulating effect that gas side doublelayer screening has on the external field. However, values higher than the inverse charge relaxation time of the gas can yield positive dielectrophoresis ͑p-DEP͒ such that the conductive polarization of gas dominates at frequencies less than the liquid side relaxation time. Finally, as one exceeds the liquid relaxation time, gas side double-layer charging ceases and the bubble is dominated by dielectric polarization between the liquid and gas. Physically, this gas side diffusionenhanced polarization occurs at the onset of each half-cycle when the diffusive flux due to the concentration gradient enhances charging of the counterions and discharging of the coions. Because such charging takes a finite amount of time to occur, the rate at which each half-cycle takes place determines whether the bubble will be insulating or conducting ͑Supplementary Material, Fig. 1͒ . This insulating-conducting transition with respect to frequency is not exclusive. It is well known that shell-like particles such as red blood cells ͑RBCs͒ exhibit two crossover frequencies due to the thin capacitive insulating cell membrane and highly conducting cytoplasm. [15] [16] [17] As in this work, similar to the charging mechanism of a RBC, low frequency capacitive charging renders the bubble insulating, while frequencies above the inverse relaxation time of this capacitor allow for bubble field penetration and render the bubble conductive.
To model this charging phenomenon, consider a spherical ionized conductive gas bubble exposed to an external ac field. Both the bulk electrolyte solution and the bulk gas outside their respective double layers are assumed to be electroneutral, and their potential distribution can be completely described by the Laplace equation. Due to the presence of a finite amount of charge within the diffuse part of the gas side and liquid side double layer, their potential distribution satisfies the Poisson equation. Following that of Gonzalez et al. 8 for electrode double-layer polarization, one can derive two effective boundary conditions governing the charging of gas and liquid side double layers and arrive at a modified complex Clausius-Mossoti ͑CM͒ ͑f CM ͒ factor for an electroneutral gas bubble with a liquid and gas side double layer ͑Supplementary Material͒,
The complex functions f͑͒ and g͑͒ contain the permittivity ratio and charge relaxation times of the two phases. They reduce to the dielectric polarization limit at high frequencies and the insulating bubble limit at low frequencies, with both limits exhibiting n-DEP. However, at the intermediate frequency range, the theory indeed predicts p-DEP for a sufficiently large bubble, as is consistent with the physical mechanism. As seen in Fig. 2 , the theory is in quantitative agreement with the measured crossover frequencies of a 40 m bubble. Characterization was further carried out for bubbles of diameter 40, 55, and 65 m. As shown in Fig. 3 , the critical bubble size beyond which two crossover frequencies exist with strong size dependence is also accurately captured. Bubble interaction and mobility for bubbles with highconductivity ionized gases are hence very different from neutral gas bubbles in an ac field due to charging and screening effects in the gas-side double layer, which can render the bubble insulating at low frequencies. This insulating effect is more pronounced for small bubbles when the bubble size approaches the gas-phase double-layer thickness. For a sufficiently small bubble, the bubble remains an insulator even at frequencies approaching the inverse dielectric polarization time scales, such that no crossover is observed.
